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Abstract 
Angle dependant torque magnetization measurements have been carried out on the 
organic superconductor, κ-(ET)2Cu(NCS)2 at extremely low temperatures (25 - 300 mK).  
Magneto-thermal instabilities are observed in the form of abrupt magnetization (flux) 
jumps for magnetic field sweeps of 0 – 20 Tesla.  A fractal analysis of the flux jumps 
indicate that the instabilities do show a self similar structure with a fractal dimension of 
varying between 1.15 – 1.6. The fractal structure of the flux jumps in our sample shows a 
striking similarity to that of MgB2 thin film samples, in which magneto-optical 
experiments have recently shown that the small flux jumps are due to the formation of 
dendritic flux structures.  These smaller instabilities act to suppress the critical current 
density of the thin films.  The similarity of the flux jump structure of our samples 
suggests that we are also observing the dendritic instability, but in a bulk sample rather 
than a thin film.  This is the first observation of the dendritic instability in a bulk 
superconducting sample, and is likely due to the layered nature of κ-(ET)2Cu(NCS)2, 
which results in a quasi-two dimensional flux structure over the majority it’s mixed state 
phase diagram.  
 
PACS numbers: 74.70.Kn, 74.25.Ha, 74.25.Qt, 05.45.Df 
 
1. Introduction 
   Low dimensionality plays a prominent roll in contemporary condensed matter physics, 
with its importance highly apparent when investigating vortex interactions within a type-
II superconductor due to an applied magnetic field.  Thin film samples are often used to 
investigate two-dimensional (2D) vortices, and have resulted in the observation of 
dendritic instabilities as well as conventional flux jumps in MgB2,1-2 Nb3 and 
YBa2Cu3O74 thin films.  However, the dendritic instability has not yet been observed in a 
bulk crystalline superconductor, as it is generally believed that large vortex-vortex 
repulsions must dominate over the rigidity of the three dimensional (3D) flux lattice.5  
Likewise the sample must be thermally isolated such that the temperature distribution 
within the sample remains highly non-uniform during dendritic growth.6  One material 
which provides both of these characteristics at extremely low temperatures is the layered 
organic superconductor κ-(ET)2Cu(NCS)2, where ET stands for bis-ethlenedithio-
tetrathiafulvalene. 
   Previous work on κ-(ET)2Cu(NCS)2, has shown that the majority of the mixed state 
phase diagram is dominated by the quasi-two-dimensional (Q2D) vortex solid and the 
pancake vortex liquid.7-8  In fact, the decoupling transition from the 3D flux lattice to the 
Q2D vortex solid, which consists of nearly uncorrelated layers of pancake vortex lattices, 
occurs at an essentially temperature independent applied magnetic field strength of ~ 7 
mT.9  Thus, above this field, each layer of the superconductor behaves almost completely 
independently of its neighboring layers, essentially giving a stack of autonomous thin 
films, each one unit cell thick.  Moreover, at extremely low temperatures (~ 25 – 300 
mK), the melting of the Q2D vortex lattice has been attributed to quantum fluctuations.7  
However, for applied magnetic fields below that required to melt the flux lattice, 
magneto-thermal instabilities, in the form of flux jumps have been observed in our 
previous torque magnetization measurements.7, 10-11  In most bulk crystalline samples, the 
observed flux jumps are large, indicating that a sizable portion of the sample participates 
in the magneto-thermal instability.  In contrast, vortex avalanches in κ-(ET)2Cu(NCS)2 
are observed for both the increasing and decreasing field sweeps (see figure 1), resulting 
in a decrease in the critical current density of the sample, and the size of the flux jumps 
cover the entire spectrum of sizes, from ∆M ~ 10-3M, up to macroscopic instabilities 
involving a large portion of the sample.  Figure 1 indicates that the presence of small flux 
jumps (SFJ) is a temperature dependent phenomenon.  At the lowest temperatures (25 
mK, see figure 2), the majority of the flux jumps are small and irregular.  However, as the 
temperature is increased, the size of the flux jumps increases until they eventually evolve 
into the much more regular conventional flux jumps (CFJ) one would expect for a bulk 
sample (110 mK).  As the temperature increases further still, the CFJ cease, leaving the 
expected smooth magnetization curve for a type-II superconductor in the mixed state. 
   It has previously been suggested that the magneto-thermal instabilities in this material 
result from the thermal isolation of the crystal due to Kapitza resistance, essentially a 
phonon mismatch between the superconducting crystal and the surrounding cryogenic 
fluids.12  Thus, no instabilities are observed above a temperature of approximately 200 
mK, above which the crystal can maintain thermal contact with the surrounding cryogens.  
In figure 1, the observed flux jumps show both large CFJ as well as smaller, irregular flux 
jumps, which have been associated with dendritic instabilities in thin film samples.13  
Moreover, by examining the flux jumps at a continuously finer scale, we notice that the 
jumps seem to have a “statistically self-similar” structure.  In other words, the structure of 
the flux jumps appears the same regardless of the scale of magnification (up to a point).  
As self similarity defines fractal behavior, we shall extend the analysis of our previous 
work to show that the flux jumps observed in κ-(ET)2Cu(NCS)2 exhibit a rich and 
complex structure that has not before been observed in a bulk crystalline material.11   We 
will therefore apply a fractal analysis to the magnetization as a function of applied 
magnetic field at various temperatures and angles and show that these plots have curves 
with fractal dimensions. 
 
2. Experimental 
   High quality single crystals were grown using standard techniques.14  Samples had 
approximate dimensions of 1.0 × 1.0 × 0.3 mm3 and were mounted on a capacitive 
cantilever beam torque magnetometer, which was attached to a single axis rotator. This 
allowed for a variation of the angle of θ between the a-axis of the crystal and the applied 
magnetic field from 0o to 90o.  The entire assembly was then loaded directly into the 
mixing chamber of a top loading 3He/4He dilution refrigerator situated in the bore of a 20 
tesla superconducting magnet at the Nation High Magnetic Field Laboratory (NHMFL).  
The applied field was swept at a constant rate of 0.5 T/min. for all measurements.  Angle 
dependent measurements were preformed at 25 mK, at approximately 5o intervals 
between 16o and 88o between the a-axis of the crystal and the applied field.  Temperature 
dependent measurements were preformed at temperatures of 25, 60, 87, 110, 130, 150, 
200 and 300 mK, at an angle of θ = 47o. 
   To determine the fractal dimension of the observed flux jumps, we employed a “box 
counting” algorithm as described is reference 14.  This algorithm consists of laying a grid 
across the magnetization versus field plots and then counting the number of boxes 
required to completely enclose the M vs. B plot.  Once the number of boxes is recorded, 
the scale of the applied grid is decreased and the number of grid boxes is again counted, 
which continues to ever decreasing box size.  When one plots log(N) verse log(1/A), 
where N is the number of boxes at each iteration and A is the area of each box, the slope 
of this plot gives the fractal “box counting” dimension.15  The box counting dimension 
gives a pragmatic approximation to the “Housdorf” dimension.  To ensure that our 
algorithm worked, we first applied it to several well known mathematical fractals (i.e. the 
Cantor set and the Koch curve15).  Our analysis of the Cantor set gave a box counting 
dimension of DB = 0.635 ± 0.001, where the similarity dimension is DS = 631.0)3log(
)2log(
= , 
giving a 0.6% error.  Likewise the box counting dimension of the Koch curve was 
determined to be DB = 1.284 ± 0.002, where the similarity dimension is DS = 
262.1)3log(
)4log(
= , giving an error of less than 2%.  The resulting error in both of these 
examples is likely due to the finite nature of the data sets used to create the Cantor set and 
the Koch curve.  In building the prefractals, each iteration resulted in an exponential 
increase in the number of data points compared to the previous iteration.  Thus, after only 
10 iterations the data sets making up the prefractals were incredibly large and difficult to 
manipulate. However, even with only 10 iterations, the error was reduced to less than 2%.  
Thus, we felt confident that our box counting program could accurately determine the 
fractal dimension of the magnetization versus magnetic field data obtained for this 
organic superconductor.   
 
3. Results 
   In figure 1, we plot the magnetization versus applied magnetic field at several different 
temperatures where the angle between the applied field and the a-axis of the crystal is 
47o.  Clearly the structure of the flux jumps is different at high temperatures than at low 
temperatures, where SFJ are observed at temperatures of 25 and 60 mK.  At higher 
temperatures SFJ no longer observed; instead, semi-regular CFJ which involve a large 
portion of the sample in the instability (i.e., ∆M ~ 1/3M) are observed.  In fact, at the 
highest measured temperatures (~300 mK), flux jumps are no longer observed as the 
crystal is now able to transfer thermal energy to its surroundings at a rate such that the 
instabilities no longer occur.   
   In figure 2, the upsweep and down-sweep (indicated by arrows) of the magnetization 
versus applied magnetic field are plotted for a sample at 25 mK and an angle of 47o.  
Both the upsweep and down sweep show similar structure with conventional flux jumps 
(CFJ) mixed with a large number of smaller irregular flux jumps.  At this temperature, all 
angles except 88o show similar behavior.16  In the insets to figure 2, magnifications of 
several regions of the upsweep are plotted.  At low applied field strength (both on the 
upsweep and the down-sweep), the flux jumps are regular and of a large size, consistent 
with conventional flux jumps, as seen in many other bulk materials, including this one.1-4, 
12
  Following a CFJ, the system recovers and the magnetization tends toward the smooth 
envelope which defines the critical current density at a given applied field and 
temperature.  However, upon closer inspection of the magnetization at larger applied 
magnetic fields, the flux jumps no longer show a regular pattern, but are irregular in size 
and frequency, and the magnetization no longer attempts to recover to the main 
magnetization curve due to the high frequency of the instabilities.  This suppression of 
the critical current density by the SFJ has been associated with the rapid growth of 
dendritic avalanches in thin film samples of many different superconductors.1- 4, 13    
   We believe that the similar structure of magnetization versus applied magnetic field in 
κ-(ET)2Cu(NCS)2, as compared to thin film samples of various other superconductors, is 
the direct result of dendritic avalanches of magnetic flux into the interior of our crystal.  
Both the temperature dependence of the flux jumps, and the low threshold field at which 
SFJs are observed, corroborate this assertion.1 & 13  However, whereas the instabilities 
within the thin film samples are directly observed,1 we must infer the dendritic structures 
from the similarities between the magnetization of the bulk sample and that of the thin 
films.13  Our results now beg the question, why would a behavior associated with 2D thin 
films be observed in a bulk sample.  We believe the similarity between the two stems 
from the Q2D nature of κ-(ET)2Cu(NCS)2 within the mixed state.   As stated earlier, we 
know that the majority of the mixed state phase diagram is dominated by the Q2D flux 
solid and pancake liquid phases.  Thus, the high anisotropy of this material results in the 
decoupling of adjacent layers, leading the system to resemble a stack of independent 2D 
sheets.  The resulting avalanches of magnetic flux during a field swept experiment 
consists of a large number of pancake vortices within a given layer jumping into the 
crystal interior along dendritic channels, which are weakly correlated to the avalanches in 
adjacent layers. These Q2D instabilities suppress the critical current density within the 
superconducting state due to the local heating effects of migratory flux.  The small size of 
the flux jumps is a result of the dendrites in each layer.  Perhaps it is not surprising that a 
phenomenon seen previously only in thin films is now observed within a highly 
anisotropic organic superconductor (γ ~ 200 [ref.14]) which exhibits a dimensional 
crossover at low applied fields.   
   To determine the box counting (fractal) dimension of the magnetization versus applied 
magnetic field for the down-sweep data shown in figure 2 we have plotted log(N) versus 
log(1/A) in figure 3.  There are three distinct regions in the plot.  The first is at the very 
bottom of the plot where the area of each box is large and therefore the number of boxes 
is few.  Thus, when plotted, the data appears quantized in steps.  In the second region we 
actually obtain the fractal dimension from the slope of the plot.  For this particular angle 
and temperature (47o & 25 mK) the fractal dimension is 1.509 ± 0.006, clearly a non-
integer dimension.  The third region of the plot also displays a linear slope, however, in 
this region the box size is so small that the one data point per box limit is approached and 
the slope is close to zero.15 
   When similar analyses are carried out on data at other angles at this same temperature, 
the fractal dimensions range in value from 1.15 to 1.6.  There seems to be little 
correlation between the fractal dimension and the angle θ. However, the dimension of the 
down-sweep is typically larger than that of the upsweep.  Analysis of the temperature 
dependence of the fractal dimension shows that, as the temperature increases, the 
dimension moves closer to unity as one would expect for a smooth line.  Again, the 
fractal dimension of the magnetization is another indicator that the flux structure is due to 
an underlying complex mechanism, such as dendritic avalanches of magnetic flux.   
 
4. Conclusion 
   Conventional as well as small flux jumps have been observed in the organic 
superconductor κ-(ET)2Cu(NCS)2.  Using a simple box counting algorithm we have 
determined the fractal dimension of the magnetization versus applied magnetic field for 
the coldest temperatures (25 mK), and at various angles between the applied field and the 
a-axis of the crystal.  Moreover, we have observed a magnetization signature which has 
been shown to be due to the dendritic migration of magnetic flux in to the interior of thin 
film samples of MgB2 and various other superconducting films.  Thus, we believe that we 
are also observing a dendritic instability in a bulk crystal which is likely due to the quasi-
two-dimensional behavior of this highly anisotropic material.  It is likely that this 
instability would only be seen in highly anisotropic materials (γ ~ 200) which are also 
relatively clean, as is the case for the material in this study (i.e. there are very few defects 
in the organic superconductors compared to the high temperature superconductors; see 
ref. 14). 
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Figure Captions 
 
Fig. 1. Magnetization versus applied magnetic field at an angle θ = 47o between the a-
axis and the B-field (the plots are offset for clarity).  At the lowest temperature, both CFJ 
and SFJ are observed, where the SFJ act to significantly decrease the critical current 
density.  At higher temperatures the flux jumps become more regular (CFJ) and at the 
highest temperatures they cease altogether. 
 
Fig. 2. Magnetization versus applied magnetic field at an angle θ = 47o and a temperature 
of 25 mK.  Upon closer inspection of the magnetization curve, one finds increasing levels 
of detail which look statistically self similar.  Self similarity is the signature of fractal 
structure.  
 
Fig. 3. To determine the fractal dimension of the magnetization versus applied field plot 
from figure 2, we must take the slope of the above figure.  It results in a box counting 
dimension of 1.509 ± 0.006, a non-integer value.
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